Objective-To determine whether cognitive behavior therapy (CBT), which we previously showed restored ovarian function in women with functional hypothalamic amenorrhea (FHA), also ameliorated hypercortisolemia and improved other neuroendocrine and metabolic concomitants of in FHA.
Introduction
Functional hypothalamic amenorrhea (FHA) is a reversible form of anovulation. The proximate cause of FHA is reduced GnRH drive that manifests as reduced LH pulse frequency and FSH levels (1) . Chronically reduced GnRH drive has been attributed to the combined effect of metabolic and psychogenic stresses (2) (3) (4) . Indeed, women with FHA present with increased limbic-hypothalamic-pituitary-adrenal (LHPA) axis activation as evidenced by elevated circulating and cerebrospinal fluid levels of cortisol (1, (5) (6) (7) . Importantly, cortisol was not increased in women with other causes of anovulation (8) . Additionally, women with FHA who spontaneously recovered ovarian function displayed lower serum cortisol levels after recovery than women who did not recover from FHA (8) . Our findings that women with FHA have increased LHPA activity, metabolic disturbances (1) , and attitudes that compromise coping responses to stressors (2, 3, 9) led us to design a behavioral intervention targeted to improve problematic attitudes. As previously reported, women with FHA were randomized to a 20-week program of cognitive behavior therapy (CBT) or observation, and ovarian responses to intervention (CBT vs. observation) were gauged by determining weekly levels of estradiol and progesterone before and after intervention (10) . CBT restored ovarian activity and ovulation in most subjects whereas most women with FHA randomized to observation remained anovulatory (10) . To extend our initial findings, we investigated if CBT also would ameliorate other neuroendocrine and metabolic concomitants of FHA such as hypercortisolism and hypothyroidism.
Our previous research established that FHA is more than an isolated disruption of GnRH drive (1) . Pharmacologic approaches include exogenous sex steroid administration if fertility is not immediately desired or ovulation induction if it is. However, neither approach corrects ongoing hypercortisolism and associated metabolic disturbances. Further, exogenous sex steroid administration may not fully prevent or reverse health consequences associated with chronic stress and FHA such as osteopenia (11) and cardiovascular disease (12) . There may be both maternal and fetal consequences to pregnancy in the presence of hypercortisolism and hypothalamic hypothyroidism (13) (14) (15) (16) (17) . If CBT not only restored ovulatory ovarian function but also ameliorated neuroendocrine and metabolic concomitants of FHA, this would buttress the rationale for utilizing CBT as a primary intervention.
The goal of the secondary analysis was to determine the extent to which CBT reversed neuroendocrine and metabolic concomitants of FHA, namely hypercortisolism, hypoleptinemia, and nonthyroidal illness. We hypothesized that CBT, but not observation, would lower cortisol levels in women with FHA, and that leptin levels and thyroid function would increase only in women with FHA treated with CBT.
Materials and Methods

Experimental subjects
The Institutional Review Board of Magee-Women's Hospital at the University of Pittsburgh approved the study protocol. The risks and benefits of study participation and alternative treatments were described verbally by the principal investigator and in the written consent document. Participants gave written informed consent prior to study interventions. All subjects completed the study. The diagnosis of FHA was established by excluding organic and other functional causes of anovulation and amenorrhea (1-3, 7, 8, 10) . Inclusion criteria included an ideal body weight between 90 and 110% and a day-awake, night-rest schedule (10) . Exclusion criteria were a psychiatric diagnosis, weight loss >10 lbs within the last 5 years, and exercise >10 h/wk of any type or running more than 10 miles weekly. Exclusion of subjects with current and past psychiatric disorders, including eating disorders and drug dependence, was based upon assessment tools described previously (2, 3) . Women with syndromal psychiatric conditions were referred for appropriate care and excluded from participation. We used both interviews and inventories, including the Structured Interview for the Diagnostic and Statistical Manual of Mental Disorders-IV, the Beck Depression Inventory, the Hamilton Rating Scale for Depression, the Dysfunctional Attitudes Scale, the Self-Control Scale, the Eating Disorder Inventory, and the Bulimia Test-Revised (7).
A provisional diagnosis of FHA was made if secondary amenorrhea persisted for more than 6 months, a urinary pregnancy test was negative, serum levels of LH, FSH, TSH, free thyroxine, and prolactin were within normal range, the LH:FSH ratio was less than 2, and no other identifiable cause of secondary amenorrhea, including polycystic ovary syndrome was identified (1-3, 7, 8, 10) . None of the women with FHA displayed phenotypic or biochemical evidence of hyperandrogenism. Specifically, levels of androstenedione, testosterone, dehydroepiandrosterone sulfate, and 17-hydroxyprogesterone were within accepted ranges (7) .
Study design
Subjects were randomized to either CBT or observation using permuted block design that was administered by an independent statistician who communicated the randomization allocation to the study nurse. The physician in charge (SLB), the master's level clinician, and the study coordinator were not blinded. The research nurses who performed the General Clinical Research Center (GCRC) visits were blinded, as were laboratory personnel who performed the hormone assays. Nine women were allocated to observation and 8 to CBT (10) . A crossover design was precluded because most subjects who recovered ovarian function remained recovered after CBT was completed. Women randomized to observation were offered CBT after their observation period. CBT consisted of 16 sessions over a 20-week period (10) . Sessions 1-6 of CBT focused on evaluating nutrition and exercise habits and attitudes toward nutrition and exercise (10) . Sessions 7-12 identified maladaptive attitudes about stressors, exercise, nutrition, and weight and focused on stress management techniques and adopting healthy attitudes (10). Sessions 13-16 prepared subjects for termination of CBT (10) . Subject recruitment began in April of 1998, enrollment began in May of 1998, and the final follow-up visit occurred in June of 2003.
Procedures
To evaluate baseline ovarian function before CBT or observation, weekly blood samples were collected for 4 weeks and serum levels of estradiol (E2) and progesterone (P4) were determined (10) . To evaluate the impact of CBT or observation upon ovarian function, weekly blood samples for E2 and P4 were obtained during the final 6 weeks of intervention (10) . Subjects were admitted to a GCRC twice, once after the initial 4 weeks of observation and then after 20 weeks of observation or CBT. During the GCRC visits, blood samples were collected at 15-minute intervals for 24 hours via an indwelling intravenous catheter. Levels of cortisol, TSH, total T4, free T4, total T3, free T3, and leptin were assessed in serum samples. While in the GCRC, body mass index (BMI) was determined (10) . A diagnosis of FHA was confirmed if: 1) women exhibited persistent amenorrhea during the baseline 4-week period; 2) anovulation was present as evidenced by progesterone levels lower than 1 ng/mL during the baseline 4-week period; and 3) if the initial LH pulse frequency during the first GCRC visit was less than 10 pulses in 24 hours (8, 10) . Criteria for partial and full ovarian recovery have been previously reported (10) . If vaginal bleeding occurred, a blood sample was obtained 21 days later to determine estradiol and progesterone levels. Full ovarian recovery required return of menses and evidence of ovulation with E2 levels >100 pg/mL and P4 levels >5 ng/mL. Partial recovery was defined as E2 levels >60 pg/mL and P4 levels <5 ng/mL. Persistent anovulation was E2 <60 pg/mL and P4 <5 ng/mL (8, 10) .
Hormone measurements were determined using standard techniques. Cortisol was measured in all 97 samples obtained during frequent sampling (Q 15 min x 24 h). Leptin and TSH were measured hourly for 24 h. Total T4, free T4, total T3, free T3 were measured once in a morning blood sample. Cortisol and free and total T3 and T4 were analyzed by radioimmunoassay (Coat-A-Count, Diagnostic Products Corporation, Los Angeles, CA, USA) (8) . Leptin (Linco, St. Charles, MO) (18) and TSH (Nichols Institute, San Juan Capistrano, CA) (8) were measured by immunoradiometric assays.
Statistical Analyses
Data are reported as mean ± standard error of the mean (SEM). To determine sample size, we constructed a power table using % ovarian recovery as the primary outcome variable. An interim analysis was planned and conducted when 8 subjects in each arm completed the study. Because the interim analysis revealed that CBT was more efficacious than observation in restoring ovarian function, we stopped further enrollment and allowed an enrolled (last) subject to finish. Results related to ovarian recovery were previously reported in 16 women with FHA (10). Data from one additional subject is included in the present analysis. This was a pilot study with a small sample size intended to evaluate proof of principle. We planned to analyze hormonal variables other than E2 and P4, but we powered the study based on % ovarian recovery. We constructed a power table using between-group differences in effect size following treatment for ovarian recovery ranging from 20% to 80%. We recognized that the study was likely to be underpowered to detect differences in other hormonal levels and patterns. To avoid a Type II (beta) error, in the secondary analyses presented herein, we deemed p ≤ 0.10 significant. Post-hoc analyses were conducted when necessary. The planned analyses other than % ovarian recovery are reported here. Analysis of variance with repeated measures (RM-ANOVA) was used to detect differences in hormone levels. Each subject served as her own control. Main effects for treatment (CBT vs. observation) and time (pre-treatment vs. post-treatment) were computed. Between-group differences in responses were indicated by the interaction factor of the RM-ANOVA. The interaction term was p ≤ 0.10 for cortisol, leptin, and TSH. To then isolate the treatment effects by group (CBT vs. observation), t-tests were done for cortisol, leptin, and TSH data. Non-parametric Fisher's exact analysis was used to assess categorical variables. All analyses were done using SPSS version 19. The main secondary outcome variable was cortisol concentration. Cortisol concentrations were measured in blood samples taken at 15-min intervals across 24 h and the mean level per 8 h segment was calculated. The 8-h segments were 0800-1545 h, 1600-2345 h, 2400-0745 h. Percent change from baseline cortisol level also was calculated. The 24-h pattern of circulatory cortisol is diurnal with higher levels during late evening and overnight. We previously established that during the daytime nadir, cortisol levels did not differ between eumenorrheic women and those with FHA (1). To delineate response to intervention, we focused our analysis of cortisol levels during the active secretory phase rather than the quiescent phase. Other outcome variables analyzed by RM-ANOVA were TSH, total and free T4, total and free T3, leptin, and body mass index (BMI).
Results
Baseline characteristics did not differ between women randomized to observation and CBT ( Table 1) . As previously reported, of the 8 women who underwent CBT, six resumed ovulating, one exhibited partial ovarian recovery, and one showed no ovarian recovery. Of the 9 women who underwent observation, three exhibited partial ovarian recovery and six remained anovulatory. Women randomized to CBT exhibited a higher rate of ovarian recovery (87.5%) than those randomized to observation (33.3%) (Fisher's Exact p = 0.05). The odds ratio for ovarian recovery with CBT compared to observation was 14, with a 95% confidence interval of 1.14 to 172.6 (p = 0.01).
A significant effect of time on nocturnal cortisol levels was detected (F 1, 15 = 9.45, p = 0.008), with decreased cortisol levels following intervention compared to baseline (95.9 ± 7.6 vs. 85.9 ± 6.4, respectively). However, this main effect of time interacted with treatment (F 1, 15 = 3.32, p = 0.09, partial η 2 = 0.18). Cortisol levels were reduced after CBT (p = 0.006; Figure 1 ) but not following observation (p = 0.43); Figure 1 ). The 95% confidence intervals for pre-CBT cortisol levels and post-CBT cortisol levels were (79.6, 126.9) and (65.8, 105.6), respectively. In the CBT arm, 87.5% exhibited a decrease in cortisol levels (defined as a decrease of ≥ 6 ug/dL) and 33.3% in the observation arm (Fisher's Exact p = 0.05). A representative schematic of 24 h cortisol levels in 15 min intervals for a subject before and after CBT is shown in Figure 2 .
BMI was not affected by treatment or observation (F 1, 15 = 1.18, p = 0.29; Figure 3A) . Nonetheless, leptin levels were significantly affected by a time by treatment interaction (F 1, 15 = 6.73, p = 0.02, partial η 2 = 0.31). Leptin levels were increased in women who underwent CBT (p = 0.09), whereas leptin remained constant in women who underwent observation ( Figure 3B ). The 95% confidence intervals for pre-CBT leptin levels and post-CBT leptin levels were (7.51, 14.6) and (8.29, 19.1), respectively. TSH levels showed a significant treatment by time interaction (Supplemental Table 1 ; F 1, 15 = 5.41, p = 0.03).
TSH levels in women who underwent CBT increased (p = 0.009), but did not change following observation ( Figure 3C ). As shown in Figure 3D , there was a main effect of treatment group on levels of free T3 (p = 0.086) and total T3 (p = 0.073; Supplemental Table 1 ). As shown in Supplemental Table 1 , levels of free T3 and total T3 were lower in women randomized to CBT than observation. Levels of free T3 (p = 0.14) and total T3 (p = 0.14) were not affected by time or time x treatment interaction (p = 0.43 and p = 0.64, respectively). Free T4 levels were not affected by time (p = 0.73), treatment (p = 0.43), or time x treatment interaction (p = 0.88). Similarly, total T4 levels were not affected by time (p = 0.55), treatment (p = 0.64), or by time x treatment interaction (p = 0.48).
Discussion
We previously reported that women with FHA treated with CBT were more likely to recover ovarian activity than those who were observed (10) . We now report that cortisol levels were reduced only in women randomized to CBT. Only the group treated with CBT displayed increased leptin and TSH levels. BMI, T3, free T3, T4, and free T4 were unchanged in both groups. Increased TSH in the presence of unchanged levels of T3 and T4 indicates partial recovery of the hypothalamic-pituitary-thyroidal (HP-thyroidal) axis in the CBT treated group. Taken together, our data suggest that CBT ameliorates neuroendocrine and metabolic concomitants of FHA. Our findings substantiate the role of CBT in the treatment of FHA and highlight a role for behavioral approaches for correcting neuroendocrine aberrations in conditions associated with activation of the LHPA axis.
CBT has been used to treat somatic disorders such as insomnia, migraine, chronic fatigue, rheumatoid arthritis, and depression, typically in combination with pharmacotherapy. To the best of our knowledge, this is the first demonstration that CBT ameliorated hypercortisolemia in any context other than depression (19) . Our study design accurately assessed cortisol secretory patterns before and after interventions in the same individuals and therefore allowed us to detect the impact induced by active intervention versus observation. Because prior study designs used single or infrequent time points to characterize cortisol patterns, were cross-sectional in nature, and determined cortisol levels with less sensitive methods in salivary or urinary samples, the current study had greater power to detect individual and group responses to interventions. CBT has been shown to reduce cortisol responses to the Trier Social Stress Test in healthy male volunteers (20) and in patients with rheumatoid arthritis (21) . However, to the best of our knowledge, our study is the first to utilize CBT to induce recovery from a psychosomatic condition.
The reduction in cortisol levels following CBT coincided with resumption of ovarian activity (10) . This tight temporal link supports the notion that hypercortisolism (1, 5, 7) and activation of the LHPA axis characteristic of women with FHA (22) (23) (24) are causally related to the reduced GnRH drive that results in amenorrhea, anovulation, and infertility. A direct role of stress hormones in the etiology of FHA is suggested by pharmacological studies in humans that show that exogenous administration of hydrocortisone reduced LH pulse frequency during the follicular phase in normal women (25) . While some studies indicated that short term administration of hydrocortisone in men and mixed cohorts of men and women did not suppress basal levels of LH and FSH (26-28), differences in outcomes might be due to the sex of subject, sample size, duration of exposure, and other aspects of the experimental paradigms. Importantly, data from animal studies clearly support the notion that stress, and stress hormones, directly affect reproductive physiology in females. In premenopausal monkeys, psychological stress due to low social status was associated with hypercortisolemia, osteopenia, and functional ovarian impairment that manifested as increased cycle length and reduced estradiol and progesterone secretion (29) . A pharmacological elevation of cortisol suppressed LH levels in female rhesus monkeys (30) . Cortisol also reduced GnRH and LH pulse frequency in ewes (31) via activation of type II glucocorticoid receptors (32) . The decrease in cortisol initiated by CBT in women with FHA buttresses the notion that recovery of ovarian activity is linked to amelioration of LHPA axis activation (8) .
Women with FHA report concomitant psychogenic challenges combined with behaviors that induce intermittent energy deficits and metabolic stress (2, 3, 8, 33) . In a monkey model of FHA, the combination of energetic challenge and social stress disrupted ovarian function more often than either stressor alone (4) . In addition to hypercortisolemia, metabolic adaptations described in FHA include hypothalamic hypothyroidism (1, 34) and, variably, hypoleptinemia (33) . CBT did not alter BMI, but did increase leptin levels. While we did not provide a caloric target, suggest specific nutrient intake, or limit exercise habits, our data suggest that targeting problematic attitudes via CBT may have altered appetite and exercise behaviors. Reducing the physiological and behavioral concomitants of stress could reverse the relative energy deficit described in women with FHA (3, 35, 36) . While with exogenous leptin administration restored ovarian, gonadal, thyroidal, and adrenal function in women with amenorrhea (35, 37) , our findings also suggest that restoration of LHPA activation increased leptin levels without significant weight gain. While body composition may have changed with CBT, we did not assess it, and thus, based on our current experimental paradigm, low leptin levels likely reflect rather than cause FHA.
The increase in TSH levels following CBT treatment indicates that CBT altered metabolism. Glucocorticoids blunt the TSH response to thyroid-releasing hormone (TRH) and alter the thyroidal axis feedback set point. The glucocorticoid-induced inhibition of the thyroidal axis reflects an adaptation that conserves energy (38, 39) . Women with FHA display hypothalamic hypothyroidism characterized by low TSH in the presence of low T3 and low T4 (1, 8) . Our current data indicate that women who underwent CBT exhibited only partial recovery of thyroidal function by the time of the second assessment, as levels of T3 and T4 remained low in women who underwent CBT despite an increase in TSH. Similarly, in our prior study comparing women with eumenorrhea, polycystic ovary syndrome, and FHA, TSH levels were higher in women with FHA who spontaneously showed partial return of ovarian activity than in unrecovered FHA, PCOS, and eumenorrhea (8) . Likewise, cortisol levels were lower in women recovering from FHA than in those with persistent FHA, PCOS, and eumenorrhea (8) . In our current randomized trial, the concomitant decrease in cortisol and rise in TSH after CBT suggests that a change in hypothalamic feedback sensitivity precedes full thyroidal recovery. We posit that during recovery, the reduction in cortisol changes feedback sensitivity so that the hypothalamus now interprets the levels of T3 and T4 as too low. This detection presumably increases hypothalamic TRH drive to increase TSH production. The thyroidal axis is the last axis to recover following stress (40) (41) (42) . For example, in men who underwent surgery, T3 and T4 levels were not recovered despite recovery of the LHPA and HPG axes (40, 41) . Thus, less than complete recovery of the thyroidal axis at the conclusion of CBT was expected. The partial recovery of the thyroidal axis reflects our study design in that subjects were studied immediately following completion of CBT or observation. Greater recovery of the thyroidal axis might have been seen with a longer intervention or a longer period of follow-up.
Taken together, our data indicate that CBT restored ovarian activity (10), ameliorated LHPA axis activation, and elicited partial recovery of the thyroidal axis in women with FHA without concomitant weight gain (10) . Our findings should be considered preliminary as the study was limited by a small sample size. Given the absence of proven psychopharmacological treatment options for women with FHA and the difficulty of blinding the subjects undergoing CBT, after careful vetting with study section and our institutional review committee, an observational control arm was selected. Regardless of these potential limitations, the ability of CBT to alter neuroendocrine feedback sensitivity demonstrates that behavioral approaches designed to address problematic attitudes that activate the LHPA axis are potent tools for treating stress syndromes including FHA. The effect size of cognitive interventions accrues with time, possibly because they foster better coping skills and thereby reduce allostatic load (43) (44) (45) . We suspect that women who have undergone CBT are more likely to be more stress resilient when experiencing future challenges (46, 47) . Further, mitigating hypercortisolism and hypoestrogenism (10) fosters better cardiovascular, skeletal, and neurological health (3, 11, 12, 15, 16, 48, 49) .
Women with FHA are commonly offered sex hormone therapy if they are not seeking pregnancy or ovulation induction if they are (48, 50, 51) . While exogenous hormone use corrects sex steroid deficiency due to anovulation, it does not target the underlying etiology of infertility or other psychoneuroendocrinologic concomitants of stressful environments. Without addressing attitudes and behaviors that sustain LHPA activation, neuroendocrine and metabolic concomitants persist and likely exact adverse acute and chronic health consequences. Ovulation induction in amenorrheic women is linked to a higher risk of preterm labor as well as decreased body mass in offspring (13) . Indeed, hypothyroidism in pregnant rats altered fetal neuronal migration and development of the hippocampus and cortex (52, 53) . Additionally, ongoing stress may impair parenting skills and adversely affect the psychosocial, physiological, and intellectual development of offspring (54, 55) . These and other observations highlight the importance of addressing underlying attitudinal and behavioral factors linked to FHA rather than resorting to assisted reproduction (14) . Given that persistent LHPA activation and concomitant hypothalamic hypothyroidism likely adversely impact future generations by multiple mechanisms, we suggest that stress management provides a more holistic approach. Psychological interventions such as CBT provide emotional support, teach stress management techniques, and foster lifestyle alterations (48) . CBT is the only intervention shown to address the full constellation of neuroendocrine concomitants of FHA.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Mean ± SEM levels of nocturnal (2400-0745 h) cortisol levels by treatment arm (observation vs. CBT) and before (pre) and after (post) treatment. CBT reduced cortisol levels (p = 0.006). Mean ± SEM of (A) BMI, (B) leptin, (C) TSH, and (D) free T3 in women who underwent observation or CBT before (pre) and after (post) treatment. CBT increased leptin levels (B; p = 0.09) and increased TSH levels (C; p = 0.009).
